In epithelial cancers, carcinoma cells coexist with normal cells. Although it is known that the tumor microenvironment (TME) plays a pivotal role in cancer progression, it is not completely understood how the tumor influences adjacent normal epithelial cells. In this study, a three-dimensional co-culture system comprising non-transformed epithelial cells (MDCK) and transformed carcinoma cells (MSV-MDCK) was used to demonstrate that carcinoma cells sequentially induce preneoplastic lumen filling and epithelial-mesenchymal transition (EMT) in epithelial cysts. MMP-9 secreted by carcinoma cells cleaves cellular E-cadherin (encoded by CDH1) from epithelial cells to generate soluble E-cadherin (sE-cad), a pro-oncogenic protein. We show that sE-cad induces EGFR activation, resulting in lumen filling in MDCK cysts. Long-term sE-cad treatment induced EMT. sE-cad caused lumen filling by induction of the ERK signaling pathway and triggered EMT through the sustained activation of the AKT pathway. Although it is known that sE-cad induces MMP-9 release and consequent EGFR activation in tumor cells, our results, for the first time, demonstrate that carcinoma cells can induce sE-cad shedding in adjacent epithelial cells, which leads to EGFR activation and the eventual transdifferentiation of the normal epithelial cells.
INTRODUCTION
Bidirectional communication between tumor cells and the microenvironment plays a crucial role in driving tumor progression. The tumor microenvironment (TME) is comprised of a heterogeneous population of cells, including stromal cells, adjacent normal cells, fibroblasts, infiltrating immune cells and angiogenic vascular cells, and secretions from these cells such as growth factors, cytokines and extracellular matrix (ECM) (Hanahan and Coussens, 2012) . During the initial stages of carcinogenesis, the surrounding normal epithelial cells and other microenvironment components are anti-tumorigenic as they block transformed cell proliferation and survival (Hogan et al., 2011; Kajita et al., 2010; Toillon et al., 2002) . However, once tumor cells multiply and override this self-defense mechanism, they modify and cause the evolution of the non-transformed cell types to participate in tumor progression (Ivers et al., 2014) . For instance, normal prostate epithelial cells can induce intraepithelial neoplasia in mice when co-injected with carcinoma-associated fibroblasts (CAFs) but not when co-injected with normal fibroblasts, suggesting alteration of fibroblasts by tumor cells (Olumi et al., 1999) . Similarly CAFs from breast cancer tissue induce EMT and enhance the metastatic potential of both premalignant and malignant breast epithelial cells, unlike normal fibroblasts, which suppress metastasis (Orimo et al., 2005) . Although some aspects of the TME, such as ECM remodeling and tumor angiogenesis are well studied, the interaction between tumor cells and the adjacent epithelium is poorly understood.
Epithelial cells in the tissues reorganize themselves to form tubular networks and cyst-like spheroids (Zegers et al., 2003) . Spherical epithelial cysts are the building blocks of glandular organs and are characterized by a hollow lumen with apical-basal polarity ). An intact, hollow lumen formed by selective apoptosis of centrally located cells in the cyst is crucial for proper control and function of epithelial tissues (Debnath et al., 2002) . However, abnormal pathophysiological conditions cause lesions in the lumen, resulting in the formation of multiple lumens and, finally, filling of the luminal space by cells. Filling of the lumen is a salient feature of early pre-invasive stages of epithelial cancers (Debnath and Brugge, 2005) . Several carcinomas such as breast, kidney and prostate carcinomas display lumen filling during their early stages (Debnath and Brugge, 2005 ). Lumen filling is followed by epithelial to mesenchymal transition (EMT), a transdifferentiation process, which facilitates invasion and the metastatic potential of carcinoma cells (Tiwari et al., 2012) .
A key event observed during epithelial-derived carcinogenesis is the downregulation of E-cadherin (also known as CDH1), a Ca 2+ -dependent cell adhesion molecule located in the adherens junction and along the basolateral surface of epithelial cells (Gumbiner et al., 1988; Takeichi, 1991) . One of the mechanisms by which tumor cells downregulate E-cadherin is by the proteolytic cleavage of its extracellular domain. Matrix metalloproteinase (MMP)-9, one of the proteases present in the extracellular environment, cleaves the ectodomain of membrane-bound E-cadherin at the MMP cleavage site between amino acids Leu581 and Ser582 to generate a 80-kDa fragment referred to as soluble E-cadherin (sE-cad) (De Wever et al., 2007; Maretzky et al., 2005) . MMP-9 levels are elevated in several cancers, and this enzyme appears to be involved in tumor cell initiation and progression, metastatic ability and genetic instability (Farina and Mackay, 2014) .
Significantly elevated sE-cad levels have been observed in the sera and urine of cancer patients diagnosed with a variety of cancers. Increased circulating levels of sE-cad are indicative of histopathological grade, metastasis recurrence and poor prognosis (Chan et al., 2003; De Wever et al., 2007; Katayama et al., 1994) . In human skin, breast, prostate and ovarian cancer cells, the pathophysiological consequences of sE-cad activity include enhanced tumor cell migration and invasion, induction of proinvasive MMPs and increased cell signaling, all of which ultimately promote tumor progression (Brouxhon et al., 2007 (Brouxhon et al., , 2014a (Brouxhon et al., , 2013b David and Rajasekaran, 2012; Noe et al., 2001; Symowicz et al., 2007; Zuo et al., 2011) . We have previously demonstrated that sEcad acts as a survival factor and prevents apoptosis in normal epithelial cells (Inge et al., 2011) . However, it is not known whether the sE-cad present in the TME impacts normal tissue architecture.
In tumor cells, sE-cad mediates its pro-oncogenic effects predominantly by activating the epidermal growth factor receptor (EGFR) pathway. In MCF-7 breast cancer cells sE-cad complexes with the HER2 and HER3 receptors (also known as ERBB2 and ERBB3, respectively) of the EGFR family, resulting in enhanced tumor cell migration and invasion (Najy et al., 2008) . In squamous cell carcinoma cells, sE-cad contributes to skin carcinogenesis through association with HER1-HER3 and insulin-like growth factor-1 receptor (IGF-1R), resulting in activation of the downstream MAPK-PI3K-AKT-mTOR pathway [i.e. the pathway mediated by mitogen-activated protein kinases, phosphatidylinositol 3-kinase (PI3K), AKT and mammalian target of rapamycin (mTOR)] and inhibitor of apoptosis signaling (Brouxhon et al., 2014a) . An E-cadherin-ectodomain-specific monoclonal antibody, Decma-1, has been found to suppress tumor growth by downregulation of levels of EGFR family members and downregulation of components of the MAPK-PI3K-AKT-mTOR pathways resulting in apoptosis (Brouxhon et al., 2013a) . However, it is not known whether elevated circulating levels of sE-cad can also deregulate cell signaling events in normal epithelial cells.
In this study, we addressed the question of how tumor cells interact and alter adjacent normal epithelial cells. Using a threedimensional (3D) co-culture system comprised of non-transformed Madin-Darby canine kidney (MDCK) epithelial cells to represent normal epithelial cells and Moloney sarcoma virus transformed MDCK (MSV-MDCK) as carcinoma cells, we demonstrate that carcinoma cells sequentially induce pre-neoplastic lumen filling and EMT in MDCK cysts. We show that carcinoma cells secrete MMP-9, which cleaves E-cadherin from the basolateral surface of MDCK cells to generate sE-cad. sE-cad in turn induces lumen filling and EMT through activation of EGFR and its downstream ERK and AKT pathways. These studies demonstrate that carcinoma cells utilize normal epithelial cells to generate a pro-oncogenic peptide, sE-cad, which facilitates transdifferentiation of normal epithelial cells.
RESULTS

Co-culture of carcinoma cells with MDCK cysts disrupts luminal architecture
To investigate how invasive carcinoma cells influence adjacent normal epithelial cells, MDCK cysts (red) were co-cultured with MSV-MDCK cells (green). After 72 h, MDCK cells formed polarized cysts with hollow lumens (Fig. 1A) . At this time point MSV-MDCK cells were added and co-culture established. At 4 and 8 h after addition of these cells the MDCK cysts were deformed and revealed multiple lumens (Fig. 1B,C) , whereas after 24 h of coculture the lumen was filled with cells ( Fig. 1D) . Quantification revealed that in co-culture conditions, 80% of the cysts showed a filled lumen (Fig. 1G ). Direct contact of MDCK cysts through extension of filopodia-like structures from MSV-MDCK cells were obvious in some cases (Fig. 1D, arrow) . Interestingly, MDCK cysts that were not in direct contact with MSV-MDCK cells also showed a filled lumen suggesting that a soluble component produced in coculture is involved in the induction of lumen filling in MDCK cysts. Consistent with this hypothesis, conditioned medium collected from MSV-MDCK cells induced lumen filling in ∼80% of MDCK cysts (Fig. 1F,H) . These results indicate that carcinoma cells disrupt epithelial luminal architecture by secreting a soluble factor.
MSV-MDCK cells induce shedding of sE-cad from MDCK cysts in an MMP-9-dependent manner MMP-9 secreted by invasive carcinoma cells has been shown to facilitate invasion by modification of the ECM (Farina and Mackay, 2014) . Therefore, we measured the levels of MMPs in conditioned medium derived from co-culture. MDCK cysts in co-culture showed a 2.7-fold increase in total MMP-9 levels compared to cysts grown alone ( Fig. 2A) . Quantification of active MMP-9 using gelatin were then added in co-cultures and imaged after 4 h (B), 8 h (C) and 24 h (D). The arrow in D points to a filopodium from an MSV-MDCK cell contacting a cyst. Control cysts were cultured alone for an additional 24 h (E). MDCK-RFP cysts were treated with conditioned medium (CM) from MSV-MDCK cells for 24 h (F). Lumen-filled cysts in three independent experiments were counted and compared to controls after 24 h in the co-culture (G) or after exposure to the conditioned medium from tumor cells for 24 h (H). Results are mean±s.e.m. **P<0.005 (Student's t-test). zymography revealed a 2.3-fold increase in the co-culture conditioned medium. Addition of CAS-1177749, an MMP-9 inhibitor, substantially reduced the level of active MMP-9 (Fig. 2B ), but the total MMP-9 protein level was not altered ( Fig. 2A) . Treatment of MDCK-MSV-MDCK co-cultures with MMP-9 inhibitor prevented lumen filling (Fig. 2C) . Quantification of these results indicated that MMP-9 inhibitor treatment was effective in blocking lumen filling in ∼70% of the cysts in coculture (Fig. 2D) .
MMP-9 cleaves the E-cadherin extracellular domain to produce a soluble fragment known as sE-cad (Symowicz et al., 2007) . Immunoblot analysis revealed that MSV-MDCK cells lack E-cadherin expression ( Fig. 2E ; Behrens et al., 1989) and, therefore, these cells are unlikely to be a major source of sE-cad. This led us to hypothesize that under co-culture conditions, MMP-9 produced by MSV-MDCK cells cleaves cell surface E-cadherin from MDCK cells to generate sE-cad.
Two independent assays were used to demonstrate that sE-cad is produced from MDCK cells. First, MDCK cells were grown on transwell filters to form polarized monolayers with functional tight junctions [transepithelial resistance (TER) >250 Ω/cm 2 ]. MSV-MDCK cells were co-cultured in the lower chamber, facing the basolateral side of the polarized MDCK monolayer (Fig. 2F) . Active MMP-9 and sE-cad levels in the media from the apical and basolateral chambers were determined using gelatin zymography and immunoblot analyses, respectively. MMP-9 and sE-cad were not detected in the conditioned medium collected from the apical chamber. MMP-9 activity in the basolateral chamber was six times higher in conditioned medium from co-cultures compared to MDCK cells grown alone. There was a dose-dependent increase in MMP-9 levels with increasing numbers of MSV-MDCK cells in the bottom chamber. In the presence of an inhibitor of MMP-9, activity was substantially reduced (Fig. 2G) . Immunoblot analysis revealed a 2-fold increase of sE-cad levels in co-culture conditioned medium (Fig. 2G, bottom panel) . We then evaluated sE-cad shedding using our 3D-culture system. In this assay, MSV-MDCK cells were co-cultured with MDCK cysts, and the levels of sE-cad in the conditioned medium were compared to that from MDCK cysts grown alone. There was a 1.9-fold increase in sE-cad levels in the conditioned medium of MDCK cysts challenged with MSV-MDCK cells compared to that of control. MMP-9 inhibition reduced sE-cad levels by 75% (Fig. 2H ). Taken together, these results demonstrate that MSV-MDCK cells induce MMP-9-mediated sE-cad shedding from the basolateral surface of MDCK cells.
To demonstrate that tumor-cell-secreted MMPs induce sE-cad shedding in other epithelial cells, a transwell co-culture assay consisting of human breast epithelial cells, MCF10A and MDA-MB-435S (E-cadherin-negative invasive human breast cancer cells) were used. The data demonstrate that MMP released from MDA-MB43S cleaved E-cadherin from MCF10A cells to generate sE-cad. Compared to MCF10A cells grown alone, co-culture conditioned medium from the basal chamber revealed a 2.2-fold increase in sEcad levels (Fig. 2I ). This processing was blocked by Marimastat, a broad spectrum MMP inhibitor. These data confirm that MMPs released from human tumor cells generate sE-cad from human epithelial cells as observed in the MDCK co-culture system.
sE-cad is necessary to induce lumen filling in MDCK cysts
Lumen filling might be induced by multiple factors present in the conditioned medium. To determine whether sE-cad is crucial for the induction of lumen filling, two independent assays were performed. First, we tested the effect of purified sE-cad on lumen filling. As shown in Fig. 3A ,B, recombinant purified sE-cad exogenously added to MDCK cysts induced lumen filling. Next, to demonstrate that sE-cad is involved in the induction of lumen filling induced by conditioned medium, a sE-cad immunodepletion assay was utilized. In this assay, sE-cad was removed from the co-culture conditioned medium by immunoprecipitation using an antibody against the extracellular domain of E-cadherin. sE-cad depletion in the conditioned medium was confirmed by immunoblotting ( Fig. 3C ). sE-cad-depleted conditioned medium failed to induce lumen filling in the MDCK cysts, whereas untreated conditioned medium induced lumen filling in 80% of the cysts (Fig. 3D,E ). These results demonstrate that sE-cad is a crucial soluble factor involved in lumen filling in MDCK cysts. It also indicates that lumen filling induced by MSV-MDCK cells is mediated by sE-cad.
MSV-MDCK cells mediate lumen filling through activation of EGFR
Activation of the EGFR has been implicated in sE-cad-mediated proliferation, migration and invasion effects (Brouxhon et al., 2007 (Brouxhon et al., , 2013a Inge et al., 2011; Maretzky et al., 2005; Najy et al., 2008; Noe et al., 2001 ). We therefore hypothesized that the induction of lumen filling by MSV-MDCK cell co-culture is mediated by the activation of EGFR signaling in MDCK cysts. The phosphorylation of EGFR in MDCK cysts following co-culture with MSV-MDCK cells or conditioned medium was visualized using immunofluorescence and confocal microscopy. As shown in Fig. 4A , co-culture of MDCK cysts with MSV-MDCK cells and conditioned medium disrupted luminal architecture and enhanced EGFR phosphorylation at the Tyr1068 which could be blocked by the EGFR inhibitor CL-387,785. Stimulation with EGF also resulted in EGFR phosphorylation and disruption of the hollow luminal architecture in MDCK cysts. Consistent with the immunofluorescence data, a quantifiable immunoblot analysis showed a 1.5-and 2-fold increase in the phosphorylation of EGFR in the co-culture and conditioned medium conditions, respectively. This phosphorylation was blocked by the EGFR inhibitor ( Fig. 4B,D) . Addition of purified sE-cad to MDCK cysts induced a 3-fold increase in EGFR phosphorylation, which was also inhibited by 785 (Fig. 4A, B, D) . Immunoblot analysis did not reveal substantial changes in the phosphorylation of other EGFR tyrosine residues at 1173, 1045 and 1086. sE-cad is reported to associate with the HER2-HER3 receptor of the EGFR family in breast cancer cells and also interacts with EGFR in squamous skin cancer cells (Brouxhon et al., 2007; Najy et al., 2008) . To investigate whether sE-cad acts as a ligand for EGFR in MDCK epithelial cells, co-immunoprecipitation analysis was done to detect association between sE-cad and phosphorylated EGFR (pEGFR) in sE-cad-treated MDCK cells (Fig. S1A ). The recombinant sE-cad used has a Myc tag at its N-terminus. To prevent pulling down cellular E-cadherin along with sE-cad, anti-Myc antibody was used. Co-immunoprecipitation analysis showed an association between phosphorylated EGFR and sE-cad in MDCK cells, indicating that sE-cad binds to the EGF receptor in MDCK cells. Furthermore, the mechanism by which sE-cad activates EGFR was investigated using a cell surface biotinylation assay. Cell surface localization of EGFR is crucial for its activation. Internalization of EGFR following ligand binding functions as a negative regulatory mechanism, and prolonged membrane signaling of EGFR is associated with oncogenesis (Tomas et al., 2014) . Therefore, cell surface levels of EGFR were compared following EGF and sE-cad treatment. In this assay, a cleavable biotin was used for cell surface biotinylation. Following biotinylation, cells were treated with either EGF or sE-cad and incubated at 37°C to allow internalization. At the indicated time intervals, cells were treated with a reducing agent to remove the biotin from the cell surface. The biotinylated internalized proteins are protected from the reducing agent and can be visualized on an immunoblot. The lysates were affinity precipitated using streptavidin beads and immunoblotted with anti-EGFR and anti-E-cadherin antibodies. As shown in Fig. S1B , treatment with EGF resulted in the internalization of EGFR. In contrast, sE-cad-treated cells did not reveal substantial internalization of EGFR (Fig. S1B) . Calculation of EGFR cell surface levels indicated that 64% and 71% of the total EGFR remained at the cell surface after 30 and 60 min of sE-cad treatment compared to 25% and 29% in EGF-treated cells (Fig. S1C ). In addition, we found that EGF induced internalization of E-cadherin, whereas E-cadherin was not internalized following sE-cad treatment (Fig. S1B ). Taken together, these findings indicate that sE-cad is involved in the activation of EGFR.
Depending on the phosphorylation pattern at the different tyrosine sites of EGFR, distinct downstream signaling pathways are activated (Chattopadhyay et al., 1999; Sturla et al., 2005; Yarden, 2001) . We demonstrated that EGF, sE-cad, conditioned medium and MSV-MDCK induced phosphorylation of EGFR at Tyr1068. Tyr1068 phosphorylation results in receptor dimerization, recruitment of Grb2 and subsequent activation of the AKT and ERK1 and ERK2 (ERK1/2, also known as MAPK3 and MAPK1, respectively) signaling pathway (Rojas et al., 1996) . To determine whether the Grb2 adaptor protein binds EGFR Tyr1068, conditioned medium or sE-cad-treated cyst lysates were immunoprecipitated with anti-Grb2 antibody and blotted using an anti-pEGFR-1068 antibody. Treatment with conditioned medium or purified sE-cad showed an enhanced association of pEGFR with Grb2 in MDCK cells (Fig. 4C) . At 4 h there was a 1.7 to 2-fold increase in association of pEGFR with Grb2. Consistent with the activation of EGFR, downstream AKT (detected using a pan-AKT antibody) and ERK1/2 signaling was activated after co-culture or treatment with conditioned medium and sE-cad (Fig. 4B,D) . Taken together, these results demonstrate that lumen filling induced by MSV-MDCK cells involves sE-cad shedding and activation of EGFR and subsequent downstream ERK1/2 and AKT signaling pathways in MDCK cysts.
Lumen filling is a consequence of increased survival and proliferation mediated by the MEK-ERK pathway
To determine whether activation of ERK1/2 and AKT signaling mediated by sE-cad results in increased cell proliferation or an inhibition of apoptosis leading to lumen filling, we analyzed expression levels of cell proliferation markers and anti-apoptotic markers. Ki67 (also known as MKI67) is a nuclear protein associated with cell proliferation (Scholzen and Gerdes, 2000) . Confocal microscopy showed that MDCK cysts treated with conditioned medium or sE-cad for 48 h had enhanced Ki67 nuclear staining, consistent with increased proliferation (Fig. 5A ). Immunofluorescence analysis revealed enhanced expression of Bcl2, an anti-apoptotic marker in sE-cad-and conditioned mediumtreated cysts compared to their respective controls (Fig. 5A ). Immunoblot analysis of Ki67 and cyclin D1, a second cell proliferation marker, and Bcl2 confirmed enhanced expression in sE-cad-or conditioned-medium-treated cysts. Furthermore, the 
-test). (C)
Immunoblot showing sE-cad levels in the conditioned medium before and after immunodepletion of sE-cad. Quantification data represent mean±s.e.m. from three independent experiments. Note that the immunodepleted sE-cad is bound to Protein G beads. (D) Representative confocal images of control cysts, conditioned medium (CM)-treated cysts and cysts treated with sE-cad-depleted conditioned medium. Cysts were stained for actin (red) and TOPRO-3 (nuclear marker, blue). (E) Quantification of lumen-filled cysts in presence of conditioned medium and sE-cad-depleted conditioned medium. Results are mean±s.e.m. for B,E and the blot shown in C. ***P<0.001 (Student's t-test). EGFR kinase inhibitor CL-387,785 reduced the levels of cell proliferation and anti-apoptotic markers in the sE-cad-and conditioned medium-treated MDCK cysts (Fig. 5B ). These data suggest that both increased cell proliferation and anti-apoptotic mechanisms are involved in lumen filling induced by sE-cad.
In order to determine the role of downstream ERK1/2 and AKT pathways in lumen filling, conditioned medium or sE-cad-treated cysts were also treated with specific inhibitors of each pathway. Treatment with the inhibitor U0126 against the MEK family proteins (upstream regulators of ERK proteins) suppressed the expression of Ki67 and Bcl2 as revealed by immunofluorescence analysis. Furthermore, lumen filling in conditioned medium or sE-cad-treated cysts was reduced by 60-70% in presence of U0126, suggesting that ERK1/2 has a key role in sE-cad-mediated lumen filling at 24 h. Interestingly, inhibition of PI3K-AKT pathway by LY294002 led to only a 25% reduction in lumen filling compared to conditioned medium and sEcad-treated cysts at 24 h (Fig. S2A-D) . The concentration of U0126 and LY294002 (1 µM) used in the immunofluorescence analysis effectively blocked ERK1/2 and AKT phosphorylation, respectively (Fig. S2E) . These results suggest that lumen filling is predominantly driven by the MEK-ERK pathway.
sE-cad and conditioned medium treatment induced EMT in MDCK cysts
Cysts in co-culture for more than 48 h showed striking morphological changes. At 96 h, control cysts remained spherical, whereas conditioned medium and the sE-cad treatment led to more elongated cells emanating from the cysts (Fig. 6A ). This observation led us to hypothesize that sE-cad and conditioned medium can Immunofluorescence shows actin (red), E-cadherin (blue) and pEGFR (green). (B) Representative immunoblot from three independent experiments showing pEGFR, total EGFR, phosphoryalted AKT ( pAKT), phosphorylated ERK1/2 ( pERK1/2) and total AKT and ERK1/2 levels in MDCK 3D cyst lysates co-cultured with MSV-MDCK cells, conditioned medium, sE-cad and EGF for 4 h. 1 µM CL-387,785, an EGFR kinase inhibitor was used to block EGFR activation for 4 h where indicated. EGF treatment was for 15 min. (C) Coimmunoprecipitation of pEGFR (Tyr1068) with Grb2 in MDCK 3D cysts treated with conditioned medium or sE-cad at 2 h and 4 h. (D) Graphs represent quantification data as mean±s.e.m. from three independent experiments. *P<0.05, **P<0.005 (Student's t-test). induce EMT in the normal epithelial cysts. To confirm EMT, we tested for the presence of multiple EMT markers in the cysts by performing immunofluorescence and immunoblot analyses. As shown in Fig. 6B , the expression of N-cadherin (also known as CDH2), MMP-9 and fibronectin were enhanced in these cells. The presence of stress fibers is a well-established marker for cells undergoing EMT, and is essential for their invasive behavior. Strikingly, enhanced actin stress fibers were detected in the cysts treated with sE-cad and conditioned medium (Fig. 6B) . z-stacks showing expression of fibronectin, N-cadherin and actin stress fibers in control, sE-cad-and conditioned-medium-treated MDCK cysts for 96 h are shown in Movies 1, 2 and 3 respectively. These results reveal that long-term sE-cad treatment induces EMT in MDCK cysts. It is also important to note that cysts exhibiting an EMT-like phenotype are larger than control cysts.
The PI3K-AKT axis is frequently activated in human cancer and is a key contributor in the induction of EMT (Larue and Bellacosa, 2005) . Treatment with the PI3K and AKT inhibitor LY294002 effectively blocked EMT in MDCK cells, with cysts retaining luminal morphology. By contrast, treatment with the MEK inhibitor U0126 did not block EMT in long-term sE-cad-or conditionedmedium-treated cells, as revealed by the expression of fibronectin, N-cadherin and stress fibers using confocal microscopy ( Fig. 7A-D) . Immunoblot analysis also showed an increase in fibronectin and N-cadherin levels upon sE-cad and conditioned medium treatment, which was blocked in the presence of 1 μM of the PI3K and AKT inhibitor LY294002, but not in the presence of 1 μM MEK inhibitor U0126 (Fig. 7E,F) . Long-term inhibition with LY294002 resulted in the inhibition of lumen filling and EMT, possibly by blocking both the PI3K-mediated AKT and ERK pathways. By contrast, long-term treatment with U0126 enhanced the expression of EMT markers in the lumen-filled cysts (Fig. 7A,B) ; this is because MEK inhibition by U0126 is known to increase AKT activation (Aksamitiene et al., 2010) , thereby further confirming the role of AKT in driving EMT in MDCK cysts. This is consistent with the immunofluorescence data, which indicates that AKT inhibition blocked EMT more effectively than the MEK-ERK pathway. In addition, long-term treatment with sE-cad revealed distinct activation patterns for ERK and AKT; sE-cad induced ERK activation diminished from 48 to 96 h, whereas the AKT phosphorylation was sustained over 96 h as determined by immunoblot analysis (Fig. S3) . These results further authenticate that sustained activation of AKT is involved in the induction of EMT.
DISCUSSION
Normal epithelial cells co-exist with carcinoma cells in solid tumors.
Although it is well known that the TME contributes to metastatic 
-test). (E,F) Representative immunoblots from two independent experiments
showing fibronectin and N-cadherin levels in sE-cad-treated cysts (E) and conditioned-medium-treated cysts (F) in the presence of inhibitors. U0126 and LY294002 were used at 1 µM each. β-actin was used as a loading control. Quantification data represent mean±s.d. from two independent experiments. dormancy, tumor stability, and progression to invasive and metastatic carcinoma (Taylor et al., 2014) , it is not known how carcinoma cells interact with normal epithelial cells in the TME. In this study, we used a 3D co-culture system comprising MDCK and MSV-MDCK cells to address whether carcinoma cells influence adjacent normal epithelial cells. There are many new findings reported here: (1) the development of a co-culture system to study normal and cancer cell interactions; (2) the sequential induction of lumen filling and EMT in vitro; (3) that sEcad acts as a crucial soluble factor involved in the induction of lumen filling and EMT; (4) that carcinoma cells use normal cells as a source for the production of sE-cad; and (5), although, involvement of MMP-9 to cleave E-cadherin, and a role for EGFR in the induction ERK1/2 and AKT signaling pathways has been shown in many cancer cells, we demonstrate that the same well-established oncogenic signaling pathway is utilized by carcinoma cells to induce transdifferentiation of normal cells in the vicinity (Fig. 8) . Clinically, these studies suggest that elevated levels of sE-cad present in the sera from cancer patients might have a pathological role in the transdifferentiation of normal epithelial cells, thereby facilitating invasion and metastatic potential.
Filling of the luminal space and multiple lumen lesions are distinctive features of early pre-invasive stages of carcinoma development (Debnath and Brugge, 2005) . Several carcinomas such as breast, kidney and prostate carcinomas display lumen filling and architectural disorder during their early stages, before they invade the basement membrane and disseminate (Debnath and Brugge, 2005) . The molecular mechanisms that occur during the initial lumen-filling stage of tumorigenesis are poorly understood. A 3D co-culture system comprising epithelial cysts and carcinoma cells is reminiscent of normal epithelial tissue co-existing with tumor cells in vivo. This novel 3D assay allowed us to demonstrate that carcinoma cells disrupt epithelial architecture by inducing preneoplastic lumen filling. Interference with the key regulators of the apico-basal polarity and tight junction assembly, such as the Crumbs3 and PAR complexes, β1 integrin, RhoA and the Na + /K + -ATPase β-subunit generates multiple lumina or no lumen in epithelial cysts (Barwe et al., 2013; Martin-Belmonte et al., 2007; Schluter et al., 2009; Shin et al., 2005; Straight et al., 2004; Yu et al., 2008) . However, it is not well known how these markers are affected during carcinogenesis. Our results indicate that carcinoma cells in the vicinity of normal tissue might come in direct physical contact with the normal epithelial cells through filopodia-like projections, or alternatively they might secrete soluble factors that then disrupts luminal architecture. Data obtained using conditioned media strongly suggest that secretion of soluble factors is the primary mechanism by which carcinoma cells induce normal cell transformation. Recent studies have also demonstrated that carcinoma cells induce oncogenic transformation in the adjacent normal epithelial cells using exosomes to force adjacent normal cells to participate in cancer progression (Melo et al., 2014) .
A key soluble factor identified in our assay is MMP-9. Although MMP-9 is implicated in the shedding of E-cadherin in several cancer cell lines (Grabowska and Day, 2012) , its potential to impact normal cells in the context of the tumor microenvironment has not been examined. Our 3D co-culture system enabled us to determine that MMP-9 released by carcinoma cells acts on E-cadherin on the basolateral surface of adjacent epithelial cells to release sE-cad. Inhibition of MMP-9 abolished sE-cad shedding and consequently blocked the lumen-filling phenotype. Lack of E-cadherin expression on MSV-MDCK cells confirms that the source of sE-cad present in the conditioned medium is primarily from MDCK cells. A transwell co-culture assay involving MCF10A, an immortalized human breast epithelial cell line, with MDA-MB435S, a breast carcinoma cell line lacking E-cadherin expression also revealed MMP-mediated sE-cad shedding from normal cells. This corroborates the finding that tumor cells induce sE-cad shedding from adjacent normal epithelial cells. Although active MMP-2 was also observed in our zymogram, specific inhibition of MMP-9 suggests that MMP-9 plays a prominent role in the production of sE-cad in this co-culture system. However, we cannot rule out the involvement of other MMPs or soluble factors present in the conditioned medium, which might act upstream of MMP-9 and be involved in its activation and the production of sE-cad.
Two complementary approaches were utilized to conclude that sE-cad is essential for the induction of lumen filling and EMT in 3D culture. Exogenously added sE-cad induced lumen filling, whereas, immunodepletion of sE-cad from the conditioned medium blocked the lumen-filling phenotype, indicating that sE-cad is the crucial factor of the conditioned medium that is involved in the induction of lumen filling. Although both purified sE-cad and conditioned medium induced lumen filling, conditioned medium under coculture conditions might contain additional factors that are not present in the purified sE-cad. These additional factors might be involved in stabilizing or enhancing the effect of sE-cad in conditioned medium. In fact, in co-culture, with conditioned medium the sE-cad levels were 1 µg/ml, which were sufficient to induce lumen filling, indicating that additional factors are likely to be involved. sE-cad has been shown to influence tumor cell proliferation, migration and invasion (Brouxhon et al., 2007; Maretzky et al., 2005; Najy et al., 2008; Noe et al., 2001; Symowicz et al., 2007; Zuo et al., 2011) . Here, we show that sE-cad disrupted luminal architecture of fully formed cysts, which was previously unknown. This situation is reminiscent of early tumorigenesis, suggesting that sE-cad in the TME induces a preneoplastic lumen-filling phenotype in adjacent normal epithelial cells.
In polarized epithelial cells, E-cadherin is localized at the adherens junction and along the basolateral region. In our transwell co-culture assay MDCK cells were in the upper chamber and MSV-MDCK cells were in the lower chamber. MMP-9 and sE-cad were only detected in the lower chamber, indicating that the MMP-9 produced by the MSV-MDCK cells cleaved E-cadherin on the basolateral membrane of MDCK cells. MMP-9 inhibition in the lower chamber abrogated sE-cad shedding further confirming this result. Therefore, it is likely that proteases cleave basolaterally localized E-cadherin (David and Rajasekaran, 2012) . Additional studies are required to determine whether E-cadherin in adherens junctions is processed by We demonstrated that the sE-cad-mediated loss of 3D architecture and lumen filling in MDCK cysts is driven by activation of the EGFR and its downstream ERK1/2 and AKT signaling pathways. We showed that co-culture with MSV-MDCK cells, conditioned medium or sE-cad induced lumen filling in an EGFR-dependent manner. Activation of EGFR increased cell proliferation as well as reducing apoptosis, thereby resulting in lumen filling, consistent with previous reports (Reginato et al., 2005) .
It has been shown that sE-cad acts as a ligand to the EGFR family of receptors, leading to activation of oncogenic signaling in squamous cell carcinoma cells as well as breast cancer cells (Brouxhon et al., 2014a (Brouxhon et al., , 2013a Najy et al., 2008) . It should be noted that the cell lines used in these studies were tumor-derived cells. Our co-immunoprecipitation assay reveals that purified sE-cad binds to pEGFR (Tyr1068) in normal epithelial cells. Although this assay is not quantitative, it reveals an association of sE-cad with EGFR. Thus, it seems likely that sE-cad also functions as an EGFR ligand in normal epithelial cells. Interestingly, our cell surface internalization assay reveals that, unlike EGF, internalization of EGFR in the presence of sE-cad is substantially reduced. Endocytosis of EGFR, following ligand binding, functions as a crucial negative regulator of EGFR signaling, particularly EGFRinduced ERK1/2 and AKT signaling (Sousa et al., 2012; Tomas et al., 2014) . Interestingly, EGFR mutants present in non-small cell lung cancer display defects in endocytotic regulation, leading to persistent signaling from the plasma membrane (Shtiegman et al., 2007) . The differential rate of receptor internalization induced by EGF and sE-cad might be due to faster recycling of EGFR to the membrane upon sE-cad activation thereby resulting in increased stabilization of EGFR at the cell surface. However, additional experiments are needed to validate this notion. Thus, reduction of EGFR internalization in the presence of sE-cad might be one of the mechanisms of EGFR activation in our co-culture model.
Previous reports from our laboratory have demonstrated that sEcad retains the ability to interact with E-cadherin, and that E-cadherin is necessary for the anti-apoptotic effect of sE-cad in MDCK cells (Inge et al., 2011) . E-cadherin homophilic adhesion between adjacent cells transiently activates the EGFR and its downstream PI3K-AKT and ERK1/2 signaling cascades, thereby inducing cell survival and differentiation (Pece and Gutkind, 2000) . sE-cad binding to E-cadherin might mimic E-cadherin homophilic binding, resulting in the activation of the EGFR signaling cascade. However, given that the sE-cad-E-cadherin interaction does not result in junction formation and cell adhesion, the subsequent EGFR transactivation might trigger atypical cellular pathways, such as proliferation and survival. Taken together, sE-cad-mediated lumen filling might be a consequence of both sE-cad-E-cad as well as sEcad-EGFR interactions.
The occurrence of EMT in two-dimensional (2D) cultures is well established. For example, TGFβ induces EMT (Heldin et al., 2009; Kim et al., 2004) . However, induction of EMT in 3D epithelial structures has not been shown previously. We demonstrated that long-term treatment of MDCK cysts with sE-cad or conditioned medium induced transdifferentiation of the cysts into a disorganized motile mesenchymal phenotype. Cells with a mesenchymal morphology were observed emanating from the cysts with a consequent loss of cyst morphology. These mesenchymal cells were highly motile. Consistent with their morphology, the mesenchymal markers N-cadherin, fibronectin and actin stress fibers were upregulated. MMP-9 expression was also elevated in these cells. These results indicate that sE-cad produced either directly or indirectly by carcinoma cells can induce EMT in adjacent normal epithelial cells. The trigger that induces EMT following preneoplastic lumen filling is not known. Although both AKT and ERK1/2 pathways are activated, inhibition of AKT rather than the ERK1/2 pathway abrogated EMT. Inhibition of ERK1/2 pathway prevented lumen filling effect at 24 h; however, long-term treatment with the MEK inhibitor U0126 resulted in induction of EMT markers and loss of hollow lumen. We hypothesize that the inhibition of the ERK1/2 pathway for 96 h induces compensatory activation of the PI3K-AKT pathway, which drives induction of EMT and disruption of hollow lumen at 96 h. Constitutively active AKT has been reported to drive EMT within 72-96 h (Grille et al., 2003) . Here, we have shown the strength of the ERK1/2 signaling reduced after 48 h, whereas AKT phosphorylation was elevated at 72 and 96 h, suggesting that sustained activation of AKT drives induction of EMT in MDCK cysts.
We demonstrated that cancer cells can utilize the surrounding normal epithelial cells as accomplices to produce pro-oncogenic factors. This finding might have important clinical correlations, as our results suggest that elevated sE-cad levels observed in sera from cancer patients are derived from both tumor cells and adjacent normal cells. Carcinoma cells induced shedding of cell bound E-cadherin from adjacent normal tissue and this might influence transdifferentiation of the compact epithelial tissue into a disorganized group of mesenchymal cells. Elevated sE-cad levels might also have protumorigenic effects on other components of the TME, such as the various stromal cell types. Thus, accumulation of sE-cad in the microenvironment might have additive or synergistic effects on the pro-oncogenic TME since it can alter several components of the TME. Disruption of normal epithelial cell function could enhance basal extrusion of tumor cells (Slattum and Rosenblatt, 2014) , and thereby accelerate metastasis of the tumor cells.
Blocking sE-cad using a monoclonal antibody (mAb) has been shown to be an effective anti-tumor strategy in mouse models of breast carcinoma and squamous skin carcinoma. Anti-sE-cad mAb treatment attenuates activation of multiple receptor tyrosine kinases such as HER1, HER2 and IGF-1R, and leads to activation of apoptotic pathways and inhibition of proliferative pathways, ultimately attenuating tumor growth in mice (Brouxhon et al., 2014a (Brouxhon et al., , 2013a . Although a more detailed analysis examining the toxicity and specificity of anti-sE-cad mAb therapy is necessary, antibody-mediated elimination of sE-cad could act synergistically with current EGFR-based therapies to improve efficacy in the treatment of a range of carcinomas.
MATERIALS AND METHODS
Cell lines
Madin-Darby canine kidney cells (MDCK) and MD-MB-435 S were purchased from the American Type Culture Collection (Manassas, VA) and were maintained in Dulbecco's modified Eagle's medium (DMEM) with 1 g/l sodium bicarbonate, 10% fetal bovine serum, 1 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. MCF-10A cells were also obtained from the American Type Culture Collection and maintained in DMEM with F12 (Gibco-BRL) supplemented with 5% donor horse serum, 20 ng/ml EGF, 10 µg/ml insulin, 100 ng/ml cholera toxin, 0.5 µg/ml hydrocortisone, 50 U/ml penicillin and 50 µg/ml streptomycin. The Moloney-Sarcoma-virus-transformed MDCK cell line (MSV-MDCK) has been described previously (Rajasekaran et al., 2001) . Cell lines expressing GFP and RFP were generated by transfection. MDCK epithelial cells stably expressing RFP-actin were used for live microscopy experiments. MSV-MDCK cells expressing GFP were generated as described previously (Barwe et al., 2005) .
Antibodies and reagents
Primary antibodies used in this study for immunoblotting and immunostaining were against: E-cadherin (Decma-1; Sigma-Aldrich), MMP-9 (Santa Cruz Biotechnology), Ki67 and N-cadherin (Abcam), fibronectin and β-catenin (BD Transduction Laboratories), smooth muscle actin (Santa Cruz Biotechnology), total EGFR (Fitzgerald Industries), pEGFR (Tyr1068), phosphorylated AKT (Ser473), phosphorylated p44/42 MAPK (ERK1/2), Grb2, total AKT, total MAPK, cyclin D1 and Bcl2 (Cell Signaling Technology). The horseradish peroxidase (HRP)-conjugated antimouse-IgG, rabbit-IgG and rat-IgG secondary antibodies were obtained from Cell Signaling Technology. AlexaFluor-488-conjugated anti-mouseIgG, Alexa-Fluor-633-conjugated anti-rabbit-IgG, Alexa-Fluor-546-conjugated phalloidin and TOPRO-3 were purchased from Molecular Probes. FITC-and Texas-Red-labeled, affinity-purified secondary antibodies were obtained from Jackson ImmunoResearch Laboratories.
Growth-factor-reduced Matrigel™ (Corning Discovery Labware) was used for 3D culture. Protein-free and serum-free UltraDOMA™ medium (Lonza) was used for conditioned medium experiments. Corning cell recovery solution was used to harvest 3D cultures from the Matrigel™ matrix.
The broad spectrum MMP inhibitor Marimastat, and U0126 and LY294002 were purchased from Tocris (Minneapolis, MN). Recombinant human EGF from Peprotech, EGFR Inhibitor CL-387,785 and MMP-9 Inhibitor I (CAS1177749-58-4) were purchased from EMD Millipore Chemicals.
3D Matrigel™ cultures
MDCK 3D cultures were grown and maintained in Matrigel™ as previously described (O'Brien et al., 2001 (O'Brien et al., , 2006 . Briefly, MDCK cells were trypsinized and suspended at a final concentration of 15,000 cells/ml in 2% growth-factor-reduced Matrigel™. The cell-Matrigel™ mixture (4500 cells per well in 300 µl) was layered onto Matrigel™-coated chambers, 3.5 µl/well, (LAB-TEK II Chambered Coverglass, Nalgene Nunc International) and incubated at 37°C, 5% CO 2 and 95% humidity. Cells were monitored daily for cyst formation. Medium was replenished every 2 days. MDCK cysts grow in 72-96 h. For sE-cad experiments, cysts were cultured with 10 µg/ml of recombinant purified sE-cad in serum-free medium for the indicated time points. For experiments requiring MSV-MDCK co-culture, MSV-MDCK cells (3000 cells per 200 µl) were overlaid onto acini on day 3 of culture and monitored at the indicated time points. Conditioned medium is growth medium from MSV-MDCK cells after 48 h culture. Conditioned medium was centrifuged to remove floating cells and other debris. EGF was used at a concentration of 1 ng/µl wherever indicated.
Purification of sE-cad sE-cad was purified from the sE-cad-overexpressing HEK-293T cells using Ni-NTA resin as described previously (Inge et al., 2011) . Briefly, sE-cadoverexpressing HEK-293T cells were generated by stably expressing the pSEC-Tag2-SECAD vector into HEK-293T cells and stable clones were selected with Zeocin (Invitrogen). sE-cad-HEK-293T cells were grown in Ultra-DOMA-PF (Cambrex, Rutherford, NJ) medium for 48 h. 100 µg/ml of Zeocin antibiotic was added to induce sE-cad expression into the extracellular media. The medium was collected and centrifuged to remove cells and debris. The cell-free growth medium from 48 h was mixed with Ni-NTA resin overnight in a spinner flask to allow the His-tagged sE-cad to bind to the Ni-NTA resin. Resin was then loaded into a column. The resin was washed with 2× column volumes of phosphate buffer (160 mM phosphate, 4 M NaCl, 5 mM Imidazole, pH 7.4), and 5× column volumes of phosphate buffer containing 10 mM imidazole to remove any nonspecific protein. sE-cad was eluted with 5× column volumes of phosphate buffer containing 250 mM imidazole. Fractions (1 ml) were collected and the purity of each fraction was determined by SDS-PAGE. sE-cad-containing fractions were pooled, concentrated using centriplus centrifuge filters (Millipore) and dialyzed against sterile PBS at 4°C. The concentration of the purified sE-cad was determined using a Bio-Rad protein DC kit (Hercules, CA). The purified, concentrated sE-cad was aliquoted and stored at −80°C until further use.
Immunofluorescence of 3D Matrigel™ cultures
Cells grown in Matrigel™ were prepared and immunostained as follows: 3D MDCK cultures were fixed with 4% paraformaldehyde for 15 min at room temperature, washed three times with phosphate-buffered saline (PBS), then permeabilized and blocked with PBS, 0.7% fish skin gelatin and 10% saponin (PFS) for 30 min at room temperature. The fixed and permeabilized cysts were stained for the following proteins: β-catenin, actin, and pEGFR, Ki67, Bcl2, N-cadherin and fibronectin by incubating the antibodies at 1:400 dilution in PFS overnight at 4°C. Staining was detected using AlexaFluor-488,546-and 633-conjugated secondary antibodies at 1:400 dilution in PFS and added to cultures for 2 h at room temperature. TOPRO-3 at 1:1000 dilution was used to stain nuclei. Cells and cysts were then washed with PBS three times and used for imaging.
Confocal microscopy and quantification of 3D cysts
Images were captured using a Leica TCS SP5 scanning confocal microscope (Leica Microsystems) using a 63×/1.4 NA oil immersion objective lens. The cysts were assessed for the presence of cells within the lumen. The number of cysts with clear or filled lumens were counted across at least ten different random fields and expressed as a percentage of total number of cysts. At least 100 cysts were examined per experimental group. All images were captured using the same laser intensity, and gain and offset settings.
Generating 3D cell lysates and conditioned medium from 3D cultures 3D cyst protein lysates were prepared by recovering cultured cells from the Matrigel™ basement matrix using a cell recovery solution (Corning Life Sciences Product #354253) following the manufacturer's instructions. The harvested cysts were then lysed as described previously (Tushir and D'Souza-Schorey, 2007) . Briefly, chilled RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 150 mM NaCl and 2 mM EDTA) supplemented with 1× protease inhibitor cocktail and 1% phenylmethylsulfonyl fluoride was added to the harvested cyst pellet. The cells in RIPA buffer were incubated on ice for 15 min followed by sonication for 15 min at 4°C. Lysates were cleared by centrifugation at 16,000 g for 15 min at 4°C. Supernatants were collected and the protein concentration was measured using Bio-Rad DC reagent as per the manufacturer's instructions. For detection of proteins (shed sE-cad and MMP-9) in the conditioned medium, the cysts were grown in UltraDOMA-PF to prevent interference from albumin and other serum proteins present in the complete medium. Conditioned medium was collected and concentrated using Amicon ultracentrifugation filter devices (EMD, Millipore). Equal amounts of concentrated medium were then loaded onto SDS-polyacrylamide gels and analyzed by immunoblotting or gelatin zymography.
Immunoblotting SDS-PAGE was used to separate proteins in 3D cyst lysates. Separated proteins were transferred from the gel onto a nitrocellulose membrane. For immunoblotting, the membranes were blocked in 5% non-fat milk in TBS with 0.1% Tween 20 (TBS-T), and then probed with primary antibodies at a dilution of 1:1000 and incubated overnight at 4°C. The membranes were further probed with HRP-conjugated anti-rabbit-IgG, -mouse-IgG or -rat-IgG secondary antibodies diluted 1:2000 in 5% nonfat milk in TBS-T and incubated for 1 h at room temperature. For detection of Ki67 protein (molecular mass, 345-395 kDa), 3-8% Tris acetate (NuPage Novex) gradient gels were used. Antibody binding was visualized using enhanced chemiluminescence (ECL) and ECL prime (GE Healthcare). ImageJ software was utilized for immunoblot quantification and image analysis.
Gelatin zymography
Gelatin zymography was performed as described previously, with modifications (Lu et al., 2004) . Samples were mixed with zymogram sample buffer and loaded onto 8% polyacrylamide gels containing 0.1% gelatin. The gels were run in zymogram running buffer ( pH 8.3) without SDS, and then incubated in 1× zymogram renaturation solution for 30 min at room temperature, followed by overnight incubation at room temperature in the zymogram development solution. All the buffers for zymography were purchased from Bio-Rad (Hercules, CA) and used as per the manufacturers' instruction. The gels were stained with Coomassie Brilliant Blue R250 for 2 h at room temperature, and destained until the gelatinolytic activities were detected as clear bands against the blue background.
Transwell co-culture assay MDCK cells were seeded onto 0.4-μm pore size Transwell filters (Corning Life Sciences) and cultured in a six-well plate. MSV-MDCK carcinoma cells were seeded at increasing densities ranging from 3000-10,000 cells per well in a separate six-well plate. MDCK polarized monolayers (TER >250 ohms/cm 2 ) on Transwell filters were then transferred onto the MSV-MDCK cells. Co-cultures in the presence and absence of MMP-9 inhibitor were maintained for 48 h in Ultra-DOMA-PF. Growth medium from the lower (basolateral side) and upper (apical side) chambers was used for analyzing MMP-9 and sE-cad levels. MMP-9 activity in the conditioned medium was analyzed using gelatin zymography.
Co-immunoprecipation and immunodepletion
Immunoprecipitation assays were carried out by harvesting cysts from Matrigel™ matrix using cell recovery solution (Corning Lifesciences) and preparing cell lysates using RIPA buffer as described above. Antibodies against pEGFR (Tyr1068), Grb-2, E-cadherin and Myc-tag were precoupled to protein G/A agarose beads with rabbit anti-mouse-IgG antibody (RAM) for 4 h and incubated overnight with 1 mg of total protein lysate. The beads were washed and the samples eluted using 4× sample buffer. The samples were separated by SDS-PAGE and immunoblotted to visualize precipitated proteins.
To deplete sE-cad from the co-culture conditioned medium, the conditioned medium was collected and cleared of cells by centrifugation. The conditioned medium was then incubated overnight with anti-E-cadherin antibody coupled to Protein-A-agarose beads. Depletion of sE-cad from conditioned medium was confirmed using SDS-PAGE of conditioned medium samples and the Protein-A-agarose beads. The sE-cad-depleted conditioned medium was then added back to new MDCK cysts to determine its effect on lumen filling.
Biotinylation internalization assay
MDCK cell surface proteins were treated with 0.5 mg/ml cleavable sulfo-NHS-SS-biotin (Pierce) for 30 min at 4°C. After quenching the excess biotin with 50 mM NH 4 Cl in PBS containing 0.1 mM CaCl 2 and 1 mM MgCl 2, the cells were stimulated with 10 μg/ml sE-cad or 10 ng/ml of EGF for 30 min and 60 min at 37°C. For controls, untreated plates were either reduced on ice (reduced) or not reduced. Following treatment, the remaining biotin on the cell surface was stripped with the membraneimpermeant reducing reagent 50 mM MesNa in 100 mM Tris-HCl pH 8.6 (containing 100 mM NaCl and 2.5 mM CaCl 2 ) at 4°C for 30 min. Cells were lysed in 0.5 ml of lysis buffer (10 mM Tris-HCl, 1% Triton X-100, 1 mM EGTA, 1 mM PMSF, 5 mg/ml each of antipain, leupeptin and pepstatin). Protein (500 µg) from each lysate was used for precipitation (16 h at 4°C) with 30 µl of Ultralink streptavidin beads (Pierce) and the precipitates were probed with anti-EGFR and anti-E-cadherin antibody. To calculate the amount of cell surface EGFR, the levels from EGF and sE-CAD-treated samples were calculated with respect to non-reduced controls (100%).
Statistical analysis
Results are expressed as mean±s.e.m. and as mean±s.d., as indicated. Statistical analysis between experimental groups was done using Student's t-test and two-way ANOVA. P<0.05 was considered significant. Fig. S1 . sE-cad associates with EGFR and attenuates its internalization. A, Immunoblot showing pEGFR levels co-immunoprecipitated with sE-cad using an anti-myc antibody. Control lane: MDCK cells alone, sE-cad lane: Treatment with 10µg/ml sE-cad for 2 h. B, Serum starved MDCK cells were treated with sE-cad (10μg/ml) or EGF (10ng/ml) for indicated times after biotinlaytion as described in Materials and Methods. For controls, two plates were kept on ice and either reduced or non-reduced to determine the basal levels of internalization and total amount of cell surface protein. Samples were immunoprecipitated as described in Materials and Methods and immunoblotted for EGFR and E-cadherin. sE-cad reduces internalization of EGFR, compared to EGF. Blot represents data from two independent experiments. C, Quantification of % of cell surface EGFR. Amount of cell surface EGFR was calculated from blots. Bars represent standard error. Note sE-cad maintains EGFR on the cell surface. Error bars represent standard error mean. **P<.01, *** P<.005. E, Representative immunoblot from two independent experiments showing phosho ERK 1/2, phospho AKT and total ERK1/2 and total AKT levels in cysts treated with sE-cad in presence of inhibitors. (U0126 and LY294002 were used at 1 µM concentration)
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